A sequential Kaolin clay and thermal modified method was used to develop a pellet-type adsorbent using drinking water treatment residual (DWTR). Response surface methodology (RSM) was applied to optimize the production process and analyze the effects of firing time, firing temperature and DWTR proportion on Phosphorus (P) adsorption capacity and mass loss ratio, which was chosen as the parameter of strength, of DWTR-clay pellets. The results showed that, although the adsorption capacity of P by DWTR was decreased by heating during the pellet making, DWTR still remains a relatively good adsorption capacity of P. The best P adsorption of 10.2 mg P/g pellet was obtained under the conditions of making the pellet with 40 % clay addition while heating at 650 0 C for 60 min. The study provides a showcase that the strength of DWTR pellet could be increased by thermal treatment with Kaolin clay. This work will help the large scale application of DWTR as low-cost adsorbent in many kinds of water and environmental engineering practice, such as used as substrate in floating wetland infrastructure (FWI).
Introduction
Drinking water treatment residual (DWTR) is a kind of inescapable by-product in water treatment processes and every year great volumes of DWTR are generated worldwide due to high demand of clear water [1] . As a result, reuse of DWTR has been gaining increased attention in recent years. With the high percentage of Fe or Al (oxy)hydroxides and the amorphous structure, DWTR is able to develop adsorbents for wastewater contaminants immobilization. These include phosphorus [2] , fluorides [3] , perchlorate [4] , chlorpyrifos [5] , glyphosate [6] , tetracycline [7] , arsenic [8] , selenium [9] etc. and heavy metals including Cd [10] , Cr [11] , Cu [12] , Hg [13] , Ni [14] , Pb [15] , Zn [16] , etc.
However, most of these investigations have focused on direct utilization of DWTR. Recently, some methods were applied to modify DWTR to change their adsorption characteristics. A sequential thermal and acid activation method was used to improve the maximum P adsorption capacity on ferric and alum DWTR from 28.37 to 53.23 mg/g [17] .
Oxygen-limited heat treatment makes DWTR be a more reliable adsorbent by increasing specific surface area and the sequestrated carbon [18] . Ultrasonic assisted extraction and synthesis method turns DWTR to be an effective adsorbent for ammonium removal [19] . Another study shows that ultra-sonicated DWTR has an increased enrichment potential of weakly hydrophobic acid [20] . However, further studies are needed to validate the effectiveness of modification method on DWTR from different facilities, due to the variation of DWTR components. On the other hand, to enlarge the application of DWTR in different conditions, shaping DWTR into various forms received great attention from researchers. Shaping methods were mainly developed in two aspects, thermal treatment [21] and adding binder [22] .
However, few work was conducted about creating DWTR-based adsorbent with special shape by thermal treatment. This study was aimed to investigate the possibility of developing shaped DWTR-based adsorbent by thermal treatment, in order to expand implementations of DWTR.
Response surface methodology (RSM) is a multivariate statistical technique to explore the relationships between several explanatory variables and one or more response variables [23] . This method was introduced by G. E. P. Box and K. B. Wilson in 1951 and had been developed and applied in many aspects including chemistry [24] . In this study, Kaolin clay and thermal treatment were adopted to modify DWTR from Ballymore-Eustace Water Treatment Works in Co.
Kildare, Ireland, to obtain pellet-sized phosphorus adsorbent. RSM was employed to predict the optimized conditions to achieve high-performance in adsorption capacity and strength.
Material and Methods

Raw Material
DWTR obtained directly from water treatment plant behaved as "DWTR cake" and contented actually still 70 -80 % water. Thereafter, the DWTR cakes were subjected for oven-drying and the moisture content became 9.8 % at the time of being used. Chemical compositions were determined by Coupled Plasma -Atomic Emission Spectrometer (ICP-AES) with 45 % aluminum, 1.2 % Iron, 1.1 % Calcium, 0.9 % Manganese, 0.7 % Magnesium, 9.8 % Humic acid and others.
The Kaolin-clay obtained from sigma-aldrich with linear formula of Al 2 Si 2 O 5 (OH) 4 • 2H 2 O. There is little Iron (9.7%) and Plumbum (0.9%) in kaolin clay. The loss on ignition (LOI) value is 12% at the standard temperature of 600 °C.
Preparation of adsorbent
As shown in Fig.1 , the DWTR were collected fresh and oven-dried with 105 ºC for 24h. The dried DWTR were then ground and sieved to a diameter of 0.063-0.150 mm. Kaolin-clay, without further treatment, were added as binder to shape pellets. The pellets were then hand-made to 5-8 mm diameter with the special DWTR proportion designed by RSM.
In this step, water was added to keep moisture. These pellets were then fired in furnace at RSM designed temperature for the designed time with a 5 ºC /min speed in heating. Fig.1 Production of pellet-sized adsorbent
Batch Tests
Batch tests were used to learn the equilibrium characteristics especially the adsorption capacity. The P solutions were made in lab by deionized water and phosphate. 1 g of DWTR-clay pellet was equilibrated with 100 mL of P solution with concentrations ranging from 0 to 62 mg P/L for 48 h at a shaking speed of 200 r/min. After the set time (48 h), the mixture was withdrawn and filtered using a 0.45 μm Millipore membrane filter and analyzed for residual P using a HACH DR/2000 spectrophotometer according to its standard operating procedures. Data obtained were fitted Langmuir-Freundlich isotherm model by origin 8.0 in order to determine the adsorption capacity.
The mass loss ratio was used to evaluate the strength of pellets. The pellets were added to a 250 ml flasks with water and then shaked for 24 h with 200 r/min. Thereafter, the pellets were dried in own for 24h at 105°C. The difference of mass before and after was treated as mass loss ratio, Eq.1:
Where R is loss ratio; m 0 is dry mass before test (g); and m is dry mass after test (g).
Results and discussion
Preliminary test of RSM
Preliminary studies suggested that thermal treatment on DWTR affect both phosphorus adsorption capacity [17] and comprehensive strength [25] . DWTR ratio plays an important role in P adsorption due to the difference in P adsorption ability between DWTR and Kaolin clay [26, 27] . Besides, comprehensive strength of DWTR-clay mixture can be affected by DWTR proportion in mixture [28] , and particle size [29] . Parameters of thermal treatment (firing temperature and time) and DWTR proportion were studied by RSM, as these three factors have influence on both phosphorus adsorption capacity and comprehensive strength. Preliminary batch tests were employed to obtain the range of three
For a high comprehensive strength (low mass loss ratio) and a great phosphorus adsorption capacity, the temperature range was addressed from 600 to 800°C, while the adsorbent could not keep their shape with a firing temperature under 600°C, and a significant reduction in phosphorus adsorption capacity occurred when temperature is greater than 1000°C (Fig.2a) . The DWTR proportion range started at 30% for a better adsorption capacity. It ended at 70% due to the fact that mass loss ratio increased sharply when DWTR proportion is high than 70% (Fig.2b) . For firing time, no more positive influence on P adsorption and comprehensive strength were observed when time is longer than 60min (Fig.2c) . Thus, the range of firing temperature was settled from 10 to 60 min for energetic and economic consideration.
The experimental results concerning adsorption capacity and mass loss ratio using a Box-Behnken experimental design with these three factors, and the ranges and levels are presented in Table 1 . 
RSM results towards the optimal condition for the adsorbent
The experimental results concerning adsorption capacity and mass loss ratio using a Box-Behnken experimental are shown in Table 2 . Adsorption capacity is an important parameter of adsorption characteristics, because mass loss ratio can be used to indicate strength of material. Normally, compressive strength is a direct indicator for strength of material, but the small pellets are not fit the conditions of most press machine in strength test. Instead, mass loss ratio was utilized to predicate the strength since it is significant to show the retention of structure in water for prospective application of pellets in FWI. Subsequently, these results were statistically analyzed and were found to fit with second order polynomial equations (Eq.2 and Eq.3)： The F-test for analysis of variance (ANOVA) was used to evaluate the significance of these two model equations.
The central idea of ANOVA is to compare the variation due to the treatment (change in the combination of variable levels) with the variation due to random errors inherent to the measurements of the generated responses. From this comparison, it is possible to evaluate the significance of the regression used to foresee responses considering the sources of experimental variance.
From the ANOVA results, it is significant to use these two quadratic models to navigate the design space. The prob > F-values for models of both adsorption capacity and mass loss ratio are lower than 0.05, indicating that they are desirable and significant models. By comparing residual error with pure error from replicated design points, "lake of fit" values are greater than 0.05, demonstrating that there is no significant lack of fit and these two models could be used as response predictors. The coefficient of determination (R 2 ) that was found to be close to 1 (0.95 for adsorption capacity and 0.90 for mass loss) also advocated a high correlation between observed and predicted values.
The three-dimensional curves show the effects on adsorption capacity and mass loss ratio of the three factors, namely firing temperature, firing time and DWTR proportion. For adsorption capacity (Fig.3) , the increasing temperature has a negative effect especially when the temperature is over 800 °C . Higher adsorption capacity within 600 to 800 °C could be explained by the increasing adsorb site with the well-developing microporosity. In thermal treatment, loss of organic matters leads to a decreased adsorption capacity as organic matters could adsorb phosphorus [18] . On the other hand, the increasing porosity by removing CaCO 3 and organic matters contributes to the phosphorus adsorption. With these impacts, the adsorption capacity changed little at the relative low temperature. However, the solidification of Si occurs when the temperature is higher than 800°C [30] , which closes the open pores and results in a adsorption reduction.
On contrast, the adsorption ability improved with a higher DWTR proportion, because of the higher adsorption capacity of DWTR compared with kaolin clay. The firing time played a supportive role for adsorption capacity with an initial decrease to 30 min and a slight increase from 30 to 60min. The interactions among these three factors are not very strong.
The reason of these varies in adsorption capacity could be much more complex, including changes of material structure, surface characteristics, and need to be further studied.
Mass loss ratio is illustrated in Fig.4 , and a significant decrease of mass loss ratio is observed when the kaolin clay were added. Though little strength fluctuation of samples with 15 to 20% additional DWTR in DWTR clay mixture [31] , this study focuses on the 30 to 70% additional DWTR and a dramatic increase of mass loss ratio was observed when the DWTR ratio is over 60%. Compare with other DWTRs reusing with a maximal DWTR proportion of 20% [31] , more DWTR could be reused in pellet-type adsorbent, because the crystallization of Mn and Fe contributes to the strength of adsorbent. On the contrary, the mass loss ratio decreases with an increasing temperature. When the temperature is higher than 900 °C , the mass loss ratio is close to 0 due to the neck growth by different types of crystallization linked to Al, Si, and Ca [32] . Although longer firing time contributes to a better strength (less mass loss ratio), this impact is not significant.
For using DWTR-clay pellet in FWI, the pellets should have a higher P adsorption ability with a lower mass loss ratio. However, a higher DWTR ratio contributes better adsorption ability but greater mass loss ratio. In terms of the effects of firing temperature, the situation is the similar. Thus, it is important to find the balance point for adsorption ability and mass loss ratio with a suitable firing temperature, firing time and DWTR proportion. The optimized conditions predicted by RSM was firing at 650°C for 60 min with 60% DWTR and 40% Kaolin clay, and the predicted adsorption capacity and mass loss ratio were 10.3 mg/g and 0.2% respectively. and temperature = 25 °C
Prospects of application
A novel strategy for phosphorus immobilization/recycle with DWTR-based adsorbent is proposed for preventing phosphorus entering into water and removing pesticide from aquatic environment. In reducing the diffusion of phosphorus, DWTR-based adsorbent can be used as incorporate additives to soil surface or to build buffer zones besides agriculture areas to immobilize phosphorus. Moreover, the pellets can be packed/fixed and suspended in the lakes or reservoirs to adsorb phosphorus. Additionally, the pellets/bricks can also be regenerated and/or disposed further. These ideas reduce the risk of pesticides distribution and transportation and also release the burden of water treatment plants.
A typical application is using the DWTR-based adsorbent as matrix in FWI ( limiting nutrient of phosphorus. The pellet-sized adsorbent can enrich phosphorus from water body and apply space for microbes to purify water by high surface area. Compare with the direct application of DWTR into lake and reservoir [33] , this method make it possible to reuse phosphorus, as it is convenient to recycle DWTR-based adsorbent from AFI, and it also avoid the phosphorus release during the resuspension. Besides, FWI shows other functions like habitat enhancement, shoreline erosion protection, and improve landscape features [34] .
Conclusion
For application as substrate in FWIs, DWTR-clay pellets should has high adsorption capacity and enough strength.
However, increasing temperature contributes to greater strength but weaker phosphorus adsorption capacity. Similarly, Kaolin clay addition results in an improvement of strength but a decrease of adsorption capacity of phosphorus. Under this situation, RSM was utilized to find the balance point of the three factors for the best adsorption capacity and a relatively good strength of pellets. The optimum condition of DWTR-clay pellet preparation process is at 650 °C for 60min with 60% DWTR proportion, at which the adsorption capacity of 10.3 mg P/g and 0.2% mass loss ratio can be achieved. The replicate experiments at optimal conditions yielded an adsorption capacity of 10.2 mg P/g and a mass loss ratio of 0.2%, which shows high agreement of predicted level using the established polynomial equation. By using RSM, two multi-variable polynomial equations have been developed to describe the preparation process of DWTR-clay pellets regarding the responses of adsorption capacity and mass loss ratio respectively. These equations could be used as references for other application of DWTR-clay pellets with different demands both on adsorption capacity and mass loss ratio.
